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Abstract,.

The isotopic. composilion of stratospheric water vapor is used as a tracer for the
convective history of air injected into the stratosphere. Stratospheric profiles of 111 )0,
11,0, ClIzD, and CHy4 from the ATMOS instruinent, obtained over four missions from
1985-1994, arc used todcterminethe initia deuterium-to-h ydrogen ratio of water vapor
entering th c stratosphere. We find that theinitial 61) of stratospheric water is -680 -
80 (68% loss of deuterium), consistent with extrapolations from previous measurements
at higher altitudes. This value is consistent over latitude and time; we sce no evidence
for latitudinall - or scasonally-vary ing transport mechanisms. Simulations with a
multi-phasc isotopic cloud model show that stratospheric water is less depleted than
would be expected for simple ascentinthe upper troposphere. The observed isotopic
composition of stratospheric water can be reproduced only through non-equilibrium
processcs such as evaporation of lofted cloud ice or condensation in highly supersaturated
conditions. As both these processcs canoccur only in cases of extremely high updraft
velocities, we conclude that the majority of troposphere- stratosphere exchange must be

associated with rapid convectionto at lcast upper tropospheric levels,



Introduction

The extreme dryness of the stratosphere is generally assumed to be the result of
condensation at the coldest {emperatures that air parcels experience during their ascent
into the stratosphere. The temperatures thus inferred have historically been used as
cvidence of the mechanism by which troposphere- -gstratosphere transport occurs, Brewer
[1949]first proposed that air moves into the stratosphere by large-scale ascent in the
tropics, where the tropopausc is highest and coldest. More accurate mcasurcments of
tropical tropopausc tempcratures since that tiine have led to the understanding that
troposphere-sti -atosphere transport cannot be as widespread and continuous as Brewer’s
proposal implicd. As the mean {ropical tropopause is too warm to freeze-dry air to the
observed stratospheric mixing ratios, injection of airinto the stratosphere must bemore
cpisodic or more localized [RReid & Gage 1981]; Newell & Gould-Stewart 1981].

The temporal and spatial scales of troposphere-stratos phere transport arc not
well- constrained, however. Transport has been proposed to occurby ascent over the

course of a scason over the =107 kin?

region of the tropics where the tropopause is
coldest [Newcll & Gozdd-Stewart 1981; Hollon1995). Allernatively, transport may occur
innumerous isolated convective events during which the local temperature structure is
temporarily perturbed, with scales of several to10® km® and days to hours, [Daniclsen
1982, 1 993; Polier & Holton 1 994]. observations of stratospheric. water vapor content
have not provided a means of distinguishing between the possible scales and speeds of
transport.

While all proposed mechanisms for troposphere-stratosphere transport are
constrained to produce the observed stratospheric dryness, they may involve different
mcans by which air is dehydrated. In al models requiring transport by gradual

ascent, dehydration occurs by simple coldtrapping at the tropopause. Models of

transport by localized convective events may involve more complicated dehydration

mnechanisms. Convective cumulus towers which penetrate the tropopausc and deposit




airin the stratosphere above il can carry with them enormous quantiticsof water as

ice: near-tropopausc iceto vapor ratios cancxcced 100 [Knollenberget al. 1993, 1982]
The final water vapor mixing ratio produced may thenbe the result of a combination

of condensationand evaporation. 1)cterminationof not only the final water content of’
stratospheric air, but of the process by which that content is reached, canthus serve to
discriminate between these theories, and can provide insight into the larger question of
how air is exchanged between troposphere and  stratosphere.

W c propose that the isotopic composition of stratospheric water vapor is a useful
tracer for this purpose. Because water isotopic, composition is altered by al phase
changes, stratospheric water carries with it anisotopic record of the condensation
and evaporation expericnced by each air parcel that crosses the tropopause. When
several phases of water arc present in thermodynamic equilibrium, the heavier isotopes
will partition preferentially into liquid or solid water, lcaving the vapor depletedin
deuterium (and heavy oxygen) aud the condensate enriched. The degree of preference is

termed the fractionation factor, defined as

_ o/

(D/11)

vapor

condensate

(‘This paper discusses only fractionation of 111)°0 vs. 11,'°0,and o is used toindicate
the fractionation faclor for these specics only. ) For deuterated water, o is a strong
function of temperature,ranging from 1 .08 at room temperature, an 8% enrichment
of liquid relative to vapor, to over 1.4 for ice condensation at the &~ 190 K {ropical
tropopausc {Majoube 1971; Merlival & Nicf 1967]. As water condenses and is removed
from an air parcel, the residual vapor is progressivel y lightened as deuterated water is
preferentiall y removed. The stratosphere, with a water vapor concentration four orders
of magnitude Icss than that at sca surface, should be highly depleted in deuterium.
However, the exact degree of depletion, andthe variationsinthat depletion, shouldbe

afunction of the particular process by whichstratospheric air has been dchydrated.
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ATMOS observations of the isotopic composition of entering
stratospheric water

observations of stratospheric dcutcrated water by the Atmospheric ‘Jrace Molecular
Spectroscopy (ATMOS) FTIR instrument over the last decade provide the first large
databasc of isotopic compositions that can be applied to the problem of troposphere-
stratosphere exchange. There have been few previous reported incasurements of 111)0
and 12,0 inthe lowest stratosphere, where accurate spectroscopic measurement of both
species is diflicult, and noncinthe tropics, the presumed source region for stratospheric
air and water. Water vapor in the mid-latitudes stratospherc has been observed to be
strongl y depleted of deuterium, but with deuterium content increasing with altitude
from a éDyater of approximately -600 at 20 kinto -350-450 at 35 kin.[Rinsland ¢l al.
1991, 1984; Dinclliel al. 1991; Carli and Park 1 988; PPollock ¢l al. 1980]. (Isotopic.
composition is giveniné notation , where é1)water is the fractional difference, in per
mil, of the 1)/11 ratio of the measurced water fromthat of standard mean ocean water
(SMOW), at 1.5576x 10-4 [llageman ct al. 1970].) This increase has been presumed to
be the result of methane oxidation. Because stratospheric inethane is far less depleted of
deuterium than is entering stratospheric water, its oxidation produces relatively hcavy
water which enriches stratospheric 81 yaier [Fhhall 1973; Irion cl al. this issuc; Rinsland
et al. 1991).

The ATMOS instrument is particularly suited for the study of stratospheric water
isotopic composition because it provides ncar-simultancous measurcments of all the
major stratospheric hydrogen- and deuterium-bearing species, Clly, CHsl ), 11,0, and
111 )0, allowing the estimation and subtractionof this methane-derived 11O and
11,0. Because there arc no other processes which can significantly affect the isotopic
composition of water once it rcaches the generally undersaturated stratosphere, this

provides ancilective determination of the original isotopic composition of water vapor



as it enters the stratosphere. Fven higll-altitude and -latitude data canthus provide

isotopic information about near-tropopausc processes.

This analysis uscs data from all four ATMOS missions from 1985 - 1994, a total
of 71 occultations in which IDO, 120, and Cll4 were rctricved (filters 2, and 9), and
68 in which Clls]) was retrieved (filter 3). Occultations inthe polar vortices, where
dchydration on polar stratospheric clouds produces additional isotopic cffects, have
been excluded. Latitudinal coverage is ncar-global (24% tropical, 18% Inid-latitudes,
58% high latitudes), allowing examination of potential changes in é1) due to differing
injection mechanisms in diffcrent locations. The ATM OS instrument, coverage, and
data reduction procedure arc described in detail c]scw]ncrc[]'hv‘mcr 1987; Gunsonel al.
this issue; Irion ct al. this issue].

Mcthallc-derived contributions of 111)0 and 11,0 at cach data point arc estimated
by using the relationships between deuterated and undeuterated methane and water in
the lower stratosphere established by Irionctal and Abbasct al. [this issue]. Jach lost
molecule of methane is assumed to produce two water molecules, ant] cach lost molecule
of Cl131) Onc of 11DO:

[11DO); comected = [111)0] - ([CH15D], - [CNIsD,)
(11201, correccted = M20]s - 2 ([ Cll4), - [CH4l,)

(Since the concentrations of the dcuterated species arc four orders of magnitude
less than the undeuterated ones, the contribution to, for example, 11,0 by oxidation of
CH3D is negligible). Initial concentrations of Clly and CHzD) are taken as 1.7x10° ¢ and
1.0x1079, respectively, from WMO[1 994] and the fitted In[CH3D]/In[CHy4) relationship
of Irionct al. [this issue] derived fromthe filter 3 data. Cll3) concentrations are
inferred from observed Clly in filters 2 and 9 using this relationship. No assumptions
are madc as to the initial concentration of water entering the stratosphere.

Figure 1 a shows measurements of the (uncorrected) isotopic composition of

stratospheric water from all four ATM OS missions. T'he previously observed increase in



deuterium content with altitude is cvident. Figure I b snows the same data, corrected
for the methane contribution. ‘1’here is no trend in composition with altitude, indicating
that the mmethane contribution has been cflectively removed. The mean isotopic
composition of stratospheric water is highly depleted , with a D of -680 - 80 per mil,
(weighted mean of all extravortex observations from 18-32 kin; error represents 10 of
the distribution + systematic error.) That is, the mecan water entering the stratosphere
has lost 68% of its deuterium. ‘Jhere is no significant variation iné1)yaeey With mission ,

filter, or latitude.

Implications of mean 6Dyaer

To explore the implications of the stratospheric water isotopic signature, wc
have developed a mu]ti-phase cloud model that computes isotopic trajcc.tories during
the ascent of air to thetropopause. ‘T'heinodel represents the one-dimension al,
pscudoadiabatic lifting of air parcels, with the concentrations and isotopic. compositions
of vapor, liquid, and icc tracked throughout. Air parcels arestepped upward until the
water vapor mixing ratio equals the ATM OS-observed average lower stratospheric valuc
of 3.8 ppm[Abbaset al., this issue]. (1he modclresults are robust with respect to this
value; possible seasonal variations in water vapor of 4- 20% would produce only minor
isotopic varialions). isotopic cflccts include fractionation during initial evaporation of
seawater, during condensation of liquid andice, and during th e conversion of liquid to ice
asthe cloud glaciates. Cloud liquid is allowed tore-cquilibrate with cloucl vapor, while
i ceis eflectivel y removed from the vapor. l'rce paraineters of the model arc: surface
temperaturc and relative humidity, the temperatures of the onset of ice nucleation and
the completion of glaciation, a factor representing the relative importance of droplet
freezing to cvaporation and re-deposition during glaciation, the degree of supersaturation
overicein the final stages of ascent, and the fractional precipitation (or lack thercof)in

al condensing stages. Although simplified, the model captures the full range of possible




conditions for a simple convective updraft.

Inthe first set of modelruns isotopic partitioning was assumed to occur at
thermodynamic cquilibrium in al stages, with the temperature dependence of o taken
from Majoubc [1 971] and Mcrlivat & Nief [1968], igure 2a shows the full range of
isotopic t{rajectories possible under these conditions. All model-gc~Icrated final isotopic.
compositions at the tropical tropopausc arc considerably lighter than those observed for
stratospheric water. While stratospheric water vapor is highly depleted of deuterium,
it is less depleted than would be expected for the amount of deh ydration required.
Although some mode] paraineters cansubstantially alter vapor isotopic compositions at
lower altitudes, where liquid water is present, all trajectories essentially converge during
the ncarly 7 km of ascent in ice-only conditions from the homogencous nucleation point
of water at 233 K {o the tropical tropopauscat 190 K, Those last kilometers of ascent
strip out virtually all deuterium from the vapor: water vapor concentration must drop
by a factor of over a hundred, with strong fractionation at «=1.3 -1.4, so vapor 1)/}1
must drop by over 80% over this altitude rangc alone. Even if no depletion occurs until
the onsct of ice condensation, the final §1) under these conditions would still be less than
-800. Some other mechanism is required to produce the more enriched water observed
inthe stratosphere.

The deuterium content of stratospheric water can be increased only if we postulate
that 1) air parcels in this 10-17 kinregion receive additional contributions from sources
that arc not in cquilibrium with the vapor, or 2) that the isotopic fractionation
expericnced is weaker than equilibrium values imply. The first postulate requires the
presence of lofted cloud ice, the only plausible source for non-cquilibrated water in the
upper troposphercor lower stratosphere. While Jiquid water can rapidly cxchange and
equilibrate with its environment, the isotopic, composition of icc remains cssentially
fixed [Jouzel & Merlivat 1984]. lce particles carried upwards from their altitudes of

condensation thus preserve far heavier isotopic compositions than would be expected




from their surrounding vapor, and, if subscquently evaporated, can serve to enrich the

vapor 1)/Hratio.

The sccond postulate- that isotopic fractionation has been reduced - is possible in
highly supersaturated air parcels, where kinetic effects prevent the vapor and condensate
from achieving their equilibrium isotopic partitioning. Because the diffusivity of
11,0 is greater than that of HDO,thec vapor ncar the condensation nuclei becomes
lighter than the bulk vapor, and the effective fractionation of condensing water is
lessened. A full treatment of this cflect is given in Jouzel & Merlivat [1 984]. Figure
2b shows isotopic trajectories calculated using this kinetic fractionation, for arange
of supersaturations. Because the condensing material extracts less deuterium, the
residual vapor remains heavier; at supcrsalurations of 1.5 to 2 (150 - 200 %), depending
on convective parameters, sufficient dcutcriuniisleft at the tropopause to match the
obscrved stratospheric isotopic composition.

Either of these postulates required to cnrich stratospheric water in deuterium is
possible only in convective systems. Supersaturationsof 1.5 to 2 can be sustained only
by updraft velocities typical of the strongest cumulus corcs;instcady state, 30-40
m/s for therange of ice particle size distributions observed in tropical ncar-tropopause
cloud systems [Knollenberg et al. ] 993, 1982; Rogers & Yaul 989; Pruppacher &
Klelt 1980]. Icc crystal evaporation, on the other hand, can significantly alter the
isotopic composition of vapor only if theice crystals are substantially out of equilibrium
with that vapor. lce must thus evaporate at altitudes significantly higher than its
level of condensation, againa condition possible only in strong convective updrafts.
I'urthermore, any enrichment of water vapor inascending air parcels must occur near
the tropopausc in order for the enrichment to persist as air rises and dehydrates to
stratospheric values. The strong fractionation at upper tropospheric temperatures means
that without a non-cquilibriumn source of dcuterium, water is depleted from SM OW to

observed stratospheric D/H in less than three kilometers of ascent. Regardless of which
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mechanism is responsible for the enrichment of stratospheric water, the meanair that
cnters the stratosphere must have expericneed convective conditions in the uppermost

troposphere.

Variability of 6Dy,er

The incan stratospheric 6D yater i largely uniform; wc scc no significant variation in
61D water withlatitude or with mission, over the 9 year span of these measurements, norin
comparison with previous mecasurements dating 1o 1980 [e.g. PPollock ¢t a. 1 980]. There
is no cvidence for latitudinally varying injection of stratospheric water or for major
temporal or scasonal variations in the mechanism of troposphere-stratosphere exchange.
The lack of latitudinal gradient is the expected result if troposphere-stratosphere
transport takes place almost exclusively inthe tropics; air at higher latitudes will
be well-mixed andshould show the average stratospheric 61). IMine-scale variability
insources of stratospheric air would thenbediscernable only in the lower tropical
stratosphere. ATMOS data from this region is limited: only four of the ATMOS
occultations (28 observations) of this study extendintothe lower tropical stratosphere.
These data arc not sufficient for detection of potential sinall- amplitude scasonal variation
in stratospheric §1)water (¢ 40-50 per mil) correlated with seasonal variation incntering
water content. They do provide, however, afirst approximation of the distribution of
6D of entering stratospheric water. IMigure 3 shows the distributions of both the lower
tropical and total stratospheric 61). Of the limiited tropical data, there arc no highly
depleted points which would suggest injection by gradual ascent. If the tropical data
arc represent ative, their consistency suggests that troposph ere-stratosphere exchange
is dominated by a process with a characteristic isotopic signature similar to the mean

stratospheric value.



Conclusions

ATM OS obscrvations of stratospheric deuterated water show that the average
water vapor cntering the stratosphere is highly depleted of deuterium, with 81) water
of -680180 (68% dcutcrium loss). Model calculations predict, however, that under
conditions of thermodynamic equilibrium dehydration to stratospheric mixing ratios
should produce depletions of -800-900 (80-90 % dcutcrium loss). We conclude that water
vapor cniering the stratosphere has been enriched indeuterium through convective
processes. Thelimited data from thelower tropical stratosphere show little variability
from the enriched mcau 6Dyapor, Suggesting that contribution by large-scale ascent to
total troposphere- stratosphere exchange may be mintimal. The enrichment of water
vapor ascending to the stratosphere must occur at near-tropopausc altitudes; most air
cntering the stratosphere must have scen convective conditions to at least 14 km. The
majorily of troposphere-stratosp here exchange must then be associated with tropical
deep convection.

Further observations inthe lower tropical stratosphere are necessary for
determination of whether enrichment occurs above the tropopause, as in penctrative
convection models, or just below it. Identification of a scasonal cycle instratospheric
6D yater and determination of its amplitude would allow discrimination between two
major classes of troposphere-stratosphiere transport, and dehydration scenarios: those
in which dehydration occurs after enrichment (asin clear-air ascent above clouds,
or dchydration by stratospheric wave activity)and those in which condensation
occurs before or simultancously with enrichinent (as in evaporation of culnu]us-lofted
ice particles above the tropopause). We conclude that a high priority should be
placed on obtaining tropical mcasurcments of stratospheric 111)0 and 11,0, and that
further obscrvations should provide substantial additionalinsight into mechanisms of

troposphere- stratosphere transport.
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Figure 1. ATMOS measurements of the deuterium content of stratospheric water, given as
the fractional change in1)/H ratio from standard occan water,in per il (O = ocean water;
-1000 = complete loss of deuterium). The left pancl shows uncorrected observations; the right
pane] shows the same data withthe estimated contribution of 1120 and 111)0 from methane
oxidation subtracted. The data shown arc Japproxz 75/the datasct, filtered at errory,o <10%,
errorcp, < 10%, and errorypo < 30% the total datajroints. The solid lines arc weighted mean
profiles from 15-32 km. o = 40 per mil; error withinclusion of systematic errors = 80 per roil.
Figure 2. Model calculations of the isotopic, composition of water vapor during ascent
to the stratosphere. Theupper panel shows the full range of trajectories in conditions of
thermodynamic equilibrium, for allpossible model parameter values. The solid line represents
the case in which all condensate is removed immediately; the dashed line that where all
condensate remains with the parcel and cloud glaciation occurs by freezing of droplets at 258-233
K. The lower panel shows the consequences of a fractionation factor modified by supersaturated
conditions, for S=1, 1.5, and 2 (right to left). S==1 produces cascs essentially identical to those
above. Solid and dashed lines again represent ilnmcdiatc/delayed removal of condensation,
but the glaciation is allowed to proceed by evaporation of droplets andrecondensation as ice,
producing the strong enhancements seen between 10-] 2 km: at high S the fractionation for
vapor-ice is less than that for vapor-liquid, and dcuterium is pumped into the vapor. Complete
vapor deposition of ice is not a redlistic scenario; the likely real case lies between the extremes
presented here.

Figure 3. Histogram of é1) values for total stratospheric water (dotted line, representing all
points from 1 S-32 km, andright axis) and for waterin the lower tropics] stratosphere (solid
line, points from 18-27 km at latitudes of 425 degrees, left axis). The 28 tropical observations
(4 occultations) show a distribution similar to that of the mean stratosphere, with no outlying
points that would suggest contributions from different sources of air with diflering isotopic.
compositions. Theslight shift of the mean to heavier values in the tropical points may be due

to biases in filter 9 H2O;sec Abbas el al. [this issue].
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